by actin-cytochaalsin interaction.
INTRODUCTION
Involvement of actin in dynamic activities at cell periphery, such as formation and retaction of pseudopods, has long been suggested. Existence of well-developed meshwork mainly consisting of actin filaments at the cell periphery (Nachmias, 1980; Small, 1988) , or alteration of actin assembly concomitant with morphological changes of chemically stimulated cells (Condeelis et al., 1988; Downey et al., 1991; Coates et al., 1992) have been reported. Biochemical investigations (Jennin et al., 1981; Hartwig and Janmey, 1989 ; Watts et al., 1991) have provided evidence for an increase in the amount of actin filament or actin nucleation activity in chemically stimulated macrophage or neutrphils, indicating the importance of actin polymerization in peripheral dynamic activities.
Perhaps one of the strongest pieces of evidence that actin is involved in the cellular activities has come from in vivo studies uilizing cytochalasins, a group of fungal metabolites that act specifically on actin (Schliwa, 1982; Yahara et al., 1982; Forscher and Smith, 1988) . A more recent study (Ohmori et al., 1992) has demonstrated that effects of cytochalasin on the cellular activities or supramolecular structures of actin involve direct interaction of cytochalasin with actin. In vitro experiments have shown that cytochalasin changes the polymerization kinetics of actin (Brenner and Kom, 1980; Flanagan and [in, 1980; Goddette and Frieden, Reed for publican 25 Ocober 1993 and in final form 24 May 1994. Addess print rquests to Hdetake Miyata, Department of Physics, Faculty of Science and Technoogy, Keio University, 3-14-1 Hlyoshi, Kobokuku, Yokohama 223, Japan. Tel: 81-45-563-1141, ext 3975; Fax: 8145-563-1761. A preliminary report on this subject ha appeared in abstract form in J. Muscle Res. and CeU MoiL 1993. (14:367-368 1986; Bonder and Mooseker, 1986; Cooper, 1987;  Sampath and Pollard, 1991) , binds to actin monomer (Goddette and Frieden, 1986) , and promotes conversion ofmonomerxbund ATP to ADP (Sampath and Pollard, 1991) . The drug also alters the physical e s of actin solution, as manifested in simultans reduction of actin filament length and its amount by combination of cleaving and depolymerizing activity (Lanni and Ware, 1984; Walling et al., 1988; Urbanick and Ware, 1989) .
Whereas the above studies strongly indicate that actin plays the pivotal role as a mechanical element in the cellular dynamic actvities, the question of how actin is involved still remains unanswered (Cooper, 1991) . This is pumably caused pardy by the lack of an aduate model system. Recently, however, several model systems, which were intended to mimic cellular activities, have been developed: tubulin, a subunit of microtubules, actin or actin plus other cytoskeletal components have been encapsulated in liposomes, closed vesicles of phospholipid membrane (Cortese et al., 1989; Hotani and Miyamoto, 1990, Barmann et al., 1992; Janmey et al., 1992; Miyata and Hotani, 1992) . Polymerization of the encapsulated tubulin or actin was expected to cause shape change of the liposomes, and light microscopy has shown this is indeed the case. The simplicity of the liposome system is advantageous in clarifying essentials of the mechanical role of actin in cellular morphological change.
We have shown that actin-containing liposomes assumed disk or dumbbell shape and became extremely rigid (fluctuation of the lipid membrane was suppressed) after actin polymerization was complete (Miyata and Hotani, 1992 (Spdich and Watt, 1971) and further purified by gel filtratn over a coumn (Pilrd and Cooper, 1982) (-20 -) and an increase in thie peak intensity (1.7 times) upon acti polymeiation (Marriot et al, 1988 (New, 1989) . the swefling of the lipid was wt complete, as a es of the lipid were occasionally observed in the dluted liposome solution: tse aggregates are, we suspect, the source of the liFpos itted actin The lamelarity of the lposomes was also variable asjudged hrm the contas of the lipid mmnbrane. We only chose the liposomes with an apparenty dtin mmbrane exhibing relatively low contra, but with this criterion akoe we cannot duis h uniamellar lipo es m oigolamellar ones (Servuss et aL, 1976; Kwok and Evans, 1981) When pro-actin was used, the p e rsf lipome p tin (Hotani, 1984 Pollard, 1991) . The cleaving probably also increased the amount of the unpelletable actin. The viscosity exhibits much stronger dependence on the cytochalasin concentration probably because it is highly sensitive to the length of actin filaments .
Observation0of the transforing proe
In orer to observe the process of transformation, we delivered cytochalasin D to the medium surrounding a single liposome. Shown in Fig. 2 A are the images of a liposome before and after transformation. The flow from the capillary and Brownian motion occasionally changed orientation of the liposome so that views from different angles could be obtained. Fig. 2A, a and a', demonstrate that this liposome assumed a disk shape before the addition ofthe drug, whereas Fig. 2 A, b The transformation of the disk-shaped liposomes occurred in the following way. Some time after the arrival of cytochalasin D, (-1-3 min, which varied from liposome to iposome) the liposome suddenly started changing its shape in such a way that the width of the disk became smaller in one of its radial directions and at the same time became larger in another direction, which was perpendicular to the former one. The trnsformation process, once it became noticeable, was complete within about 1 min.
Of 21 liposomes that were given the drug, 9 transformed into the spindle shape, some became spherical (n = 4), and the rest (n = 8) did not change shape. We suspect that in those liposomes that became spherical, length of actin filaments may have become too short to maintain the elongated shape of the liposomes, as suggested from the experiment in which the actin-containing liposomes became more round when shorter actin filaments were developed with increasing amount of gelsolin (Cortese et al., 1989 ). We do not have a clear explanation for the last result, but we might have chosen liposomes containing little actin.
We also tried to observe the transformation process of the dumbbell-shaped liposomes, but the number of these liposomes was much smaller than that of the disk-shaped ones (about ¼o, Miyata and Hotani, 1992) , and we could only observe three examples, all of which transformed into the spindle-shape (not shown). In these cases the trnsformation occurred in the following manner: enlarged portions of the liposome became tapered and finally formed the end portions, while the connecting bar portion became thicker, thus, the spindle-shape was formed.
In other experiments we encapsulated polystyrene beads in the actin-containing liposomes to facilitate observing the changes inside the liposomes during the transformation. Fig.   2 B, a and a', before the tansformation and Fig. 2 B, b and b', after the transformation, show the images recorded every 0.13 s. Before the tansformation, beads occupied the central part of the liposome (Fig. 2 B, a and a') , and exhibited Brownian motion; the beads' motion was restricted within a space with a dimension of roughly Vs of the liposome diameter. The Brownian motion was possible presumably because of the low actin content in this area, and the restriction was caused by the actin bundles running around the central part ofthe disk-shaped liposomes (Miyata and Hotani, 1992) . When the transformation was complete, the Brownian motion ceased (Fig. 2 B, b and b' ). The tansformation seemed to be accompanied by some alteration of the actin bundle structure.
In three cases, we were able to estimate changes of surface area and volume during the transformation: significant decreases in volume (19, 17, and 28%) compared with the corresponding changes (-9, -2, and +5%) from 100 ZM actin with 20 mM MgCI2. The polarization was found to be perpendicular to the filament axis, confirming the previous report (Coppin and Leavis, 1992) . Fig. 3 B shows two sets (upper and lower rows) of images of the transformed liposomes encapsulating prodan-labeled actin. In each set a pair of the fluorescence images (a, a', c, c') are presented: (a) and (c) are the images of vertically polarized fluorescence, whereas (a') and (c') show horizontally polarized fluorescence. Comparison of these images with those shown in Fig. 3A indicates that the actin filaments in the transformed liposomes align along the longer axis of the transformed liposomes.
Comparison of the phase-contrast and the fluorescence images in Fig. 3 B indicated that the aligned actin filaments filled the whole volume of the transformed liposomes: presumably, the actin filaments formed a bundle-like structure filling the inside to maintain the rigid and elongated shape of the liposome. This alignment was different from that of microtubules in the lemon-shaped liposomes (Hotani and Miyamoto, 1990) , in which a few microtubules seemed to run like a strut along its central axis. The difference was presumably caused by the fact that an actin filament is less rigid than a microtubule (Mizushima-Sugano et al., 1983; Yanagida et al., 1984; Egelman, 1985; Gittes et al., 1993) .
CONCLUSION
We have demonstrated that the actin-containing liposomes, originally assuming rgid and disk or dumbbell shape, transformed into the spindle shape when cytochalasin D was added outside the liposomes. The arrangement of the actin filaments in the transformed liposomes were found to be different from that in the disk-or dumbbell-shaped liposomes. Our tentative explanation for this phenomenon is that the cytochalasin D altered the actin bundle structure by cleavage and depolymerization, and this change induced the new liposome shapes. We presume that the initial liposome shapes, disk and dumbbell, were achieved as a result of a balance among the lipid membrane tension, elastic stress of the actin bundles, osmotic pressure difference across the lipid membrane, and gel osmotic stress of the actin bundle; in our experiment these factors were altered by the cleavage and depolymerization of actin, which destroyed the initial force balance, and thus the transformation occurred. No doubt this explanation should be evaluated in future works.
The elastic nature of the actin filaments (Egelman, 1985) and the liposome membrane (Kwok and Evans, 1981) would have contributed to the process of rearrangement of actin filaments through their mutual interaction. The tendency of actin filaments to align spontaneously at the actin concentration used in our experiment (Cortese and Frieden, 1988; Kerst et al., 1990; Suzuki et al., 1991; Coppin and Leavis, 1992) might have also contributed to the process, but it is difficult to evaluate the extent of these contributions.
It is difficult to estimate the amount of the drug that had entered the liposomes, but even if the amount of entered drug is small, it must have strongly affected the encapsulated actin filaments for the following two reasons. First, relatively small amounts of cytochalasin D drastically changed the physical properties of the actin solution as shown in Table  1 . Second, micromolar concentrations of cytochalasin D have been shown to catalytically and rapidly convert monomer-bound ATP into ADP (Sampath and Pollard, 1991) . Because of a limited amount of ATP in the limited volume of liposomes, it is possible that ADP-binding monomers were generated almost irreversibly and hence, a significant proportion of the encapsulated actin became ADPbinding monomer having higher critical concentration than ATP-binding monomer. At present, we are unable to estimate the amount of ADP-binding monomer in the liposomes. Checking the reversibility of cytochalasin effects on liposome morphology is one way to confirm that the effect was caused by the interaction between the drug and the encapsulated actin (Forscher and Smith, 1988) , but the abovementioned irreversibility seems to make the point difficult to be checked.
It is obvious that the liposome system is far simpler than any real cell, not to mention that the system consists of only two major components. For example, there is no linkage between the encapsulated actin and the liposome membrane, in contrast to real cells (Schwartz and Luna, 1988; Tranter et al., 1991) , nor any regulatory factors that have been shown to play roles in the cellular dynamic activities (Oster and Perelson, 1987; Stossel, 1993) . Nevertheless, the observations with this system suggest two possible ways in which actin may be used as a mechanical element in the cellular dynamic activities (Condeelis, 1993) . One is the polymerization (Cortese et al., 1989; Barmann et al., 1990; Janmey et al., 1992;  Miyata and Hotani, 1992) , and the other is the alteration of the preexisting actin structure (a bundle-like one in the present case) in the liposomes. By utili7ing the regulatory factors, these two ways of actin usage may be spatially and temporarily controlled in a real cell (Condeelis, 1993) , or, as in the case of the elongation of acrosomal process (Tilney and Inoue, 1982) , one of the two mechanisms may dominate. Whether this notion is correct should be evaluated in future studies.
